General materials.
dA im TP 1 and dU ga TP 2 were synthesized according to literatures, respectively. dC aa TP was obtained from TriLink Bio Technologies. All oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), and purified by 10-20% denaturing PAGE (7 M urea). Ultrapure dNTPs were obtained from Fermentas.
Vent exo -DNA polymerase, Taq DNA polymerase, lambda exonuclease, and T4 polynucleotide kinase were obtained from New England Biolabs. Sequenase V2.0 and pyrophosphatase were purchased from Affymetrix. -32 P-ATP and -32 P-dGTP were purchased from Perkin Elmer. Sephadex G25 resin was obtained from GE.
Streptavidin magnetic particles were purchased from Roche.
Oligonucleotides (ON, shown 5' to 3').

1
Selection library containing 40 randomized positions, ON 1:
Primer for in vitro selection and cis-cleavage characterization, ON 2:
Biotin-T 40 CCCGGGTTTTT r (GCGUGCCCGUCUGUUGG)TTTTGCGTCGGCC TGCGCCAACAG.
3
PCR amplification primers:
GCGCTCGCGCGGCGTGC, P2 (ON 3).
phosphate-GCGTCGGCCTGCGCCAACAG, P3 (ON 4).
TTTTTTTTTTTTTTTTTTTTGCGCTCGCGCGGCGTGC, P4 (ON 5).
phosphate-TTTTGC GTCGGCCTGCGCCAACAG, P5 (ON 6). Selection. 50 μL of streptavidin beads was magnetized, decanted, and subjected to three washes with TEN buffer (100 μL per wash). The primer extension product was incubated with the washed beads for 15 min at room temperature to immobilize the DNA duplex on beads. Following two more washes with 100 μL of TEN after immobilization, the template strand was stripped away by five quick washes (no longer than 30 seconds per wash) with 100 μL of 0.1 M NaOH containing 1 mM EDTA. The resulting modified strand sticking on streptavidin beads was immediately neutralized using 200 μL of neutralization buffer, followed by a final 100 μL of DEPCtreated sterile water wash. The modified DNA library on beads was then allowed to fold and self-cleave in 100 μL of cleavage buffers of different ionic strength for varying time spans with the progress of in vitro selection. After controlled reaction time, the 100 μL of cleavage reaction was magnetized, of which only 90 μL of the supernatant was recovered to minimize the contamination caused by the agitation of magnetic beads, precipitated by 1% LiClO 4 in acetone, re-suspended in gel loading buffer, and purified by 7% denaturing PAGE. The purified self-cleavage product was amplified twice: the first amplification (using primer set ON 3/ON 4) was used to "reverse-transcribe" the modified DNA strand into unmodified one, and the second amplification (ON 5/ON 6) was in prep-scale to provide template for the following round of selection. Lambda exonuclease was used to digest the 5'-phosphorylated non-template strands, which were amplified on the phosphorylated primers (ON 4 and ON 6 ), respectively. Trace amount of -32 P-dGTP was used to internally label the amplicons of the first amplification step, and the amplicons of the second amplification step were visualized by UV-shadowing, which were both subjected to PAGE purification after Lambda exonuclease digestion.
Cloning of cDNA. The population collected after 0.5 min of cleavage reaction from G7 (indicated by the arrow) of selection was amplified using Taq DNA polymerase with thermal cycles containing a final extension step of 30 min to generate PCR products with 3'-A overhangs. The amplicons were purified on a 2% agarose gel using GeneJet Gel Extraction Kit before they were TOPO cloned into the pCR2. 
Unit of UBC (NAPS-UBC).
Single-clone activity screening. Synthetic oligonucleotides corresponding to the various clones were used as templates to synthesize modified DNA as described previously in "Template-directed primer extension to transcribe modified library for selection". Consequently, 5 pmol of each individual synthetic oligonucleotide were then immobilized on streptavidin magnetic particles. Following the same procedures described in "In vitro selection", the single-stranded modified DNAs were then incubated at room temperature in 60 μL of 1X cis-cleavage buffer 7. At least 5 time points (10 μL each) were taken over a course of 180 min cleavage reaction, and resolved by 7% denaturing PAGE (7 M urea). 11 clones showed selfcleavage activity among 58 clones that were screened, and were categorized into two families (Table S1 ). Only the sequence in the randomized region is shown from the 5' end to the 3' end. Letters in blue denote modified bases.
Re-selection. Two re-selections were initiated by partially randomizing the catalytic regions of Dz7-38 and Dz7-45. In detail, random mutations at a frequency of 15%
per nucleoside position over all the positions that encompassed the catalytic center were introduced to the parental sequences. Thereby, two separate libraries containing ~0.1% and ~0.15% of their own parental sequences were built, respectively. Members of the two libraries were then challenged to perform all-RNA cleavage reaction by being subjected to 14 rounds of re-selection and amplification as described in above in "Selection". In addition to templates generated from amplifying the self-cleaved species using regular PCR protocol, templates from rounds 5, 8, 10 and 13 were supplemented with 10% of the DNA generated by amplifying the self-cleaved populations resulting from previous rounds following a mutagenic PCR protocol. 3 For both of the two re-selections, the populations collected after 5 min of cleavage reaction from G14 were Taq amplified, cloned, and screened for self-cleavage activity.
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A B Figure S1 . In vitro selection (A) and re-selection (B) progress. Plot of percentage of populations cleaved versus selection round (Gn). NaCl concentrations contained in cleavage buffers are labeled underneath the graph. Fast-to-cleave populations (indicated by arrows) collected after 0.5 min cleavage reaction of selection G7, and 5 min cleavage reaction of re-selection G14 were amplified and cloned.
Cleavage activity in cis.
Kinetic analysis in cis. Self-cleaving DNAzymes shown in Figure 2A were prepared in the same way as the modified library in the selection using respective synthetic templates (ON 7 to ON 13) ordered from IDT. denatured by incubating at 95°C for 5 min, followed by snap-cooling on ice before resolving the supernatant after magnetization on denaturing PAGE (7%).
Visualizations and quantifications were carried out using Typhoon 9200
PhosphorImager (Amersham). The autoradiographic data of the cleavage reactions (represented by pixel volumes on the Imagequant software) were obtained by drawing polygons around the bands corresponding to the cleaved and uncleaved species. These data were fitted to a double exponential first-order reaction using Prism 6.
Equation S1
: ,
where k obs fast and k obs slow are the observed cis-cleavage rates of the fast and slow phases, and the and are the amplitudes of the two phases, respectively. P 
S12
Testing the need for modifications. 5X nucleotides cocktails containing natural counterpart(s) in replacement of any one or two, or all the three modifications (dA im TP, dU ga TP, dC aa TP) contained in the 5X modified nucleotides cocktails were used into template-directed primer extension reactions for transcribing 15 pmole of partially modified or totally unmodified Dz7-38-32. Then kinetic cis-cleavage reactions were carried out following the same procedures described above in "Kinetic analysis in cis". Time points were taken at 1, 5, 15, 60, 120, and 840 min for all different versions of Dz7-38-32, respectively. All samples were denatured by incubating at 95°C for 5 min, followed by snap-cooling on ice before resolving the supernatant after magnetization on denaturing PAGE (7%). Gel pictures were taken using Typhoon 9200 PhosphorImager ( Figure S3 ). 
Cleavage activity in trans.
Enzymatic synthesis of Dz7-38-32t. According to the methodology used for producing Dz10-66t, 4 , where and are the acid dissociation constants of two catalytically relevant groups in a two-step protonationdeprotonation mechanism.
